Known causes of UK cold winters 18
The NAO is the dominant mode of Northern Hemisphere extra-tropical atmospheric 19 variability, describing oscillations in atmospheric mass between middle and high latitudes . 20 Variability in this large-scale atmospheric circulation directly influences the risk of 21 European seasonal temperature extremes (Scaife et al., 2008) . The NAO has a significant 22 influence on the UK winter climate as its strongest variability and thus its greatest impact 23 on the circulation, occurs during winter (George et al, 2004) . A negative NAO reduces the 24 meridional pressure gradient across the North Atlantic, due to either high pressure 25 anomalies over Iceland, low pressure anomalies over the Azores or both; this weakens the 26 climatological westerlies across northern Europe, resulting in less moisture and heat 27 transport to the UK. This typically provides colder and drier winters than the positive 28 NAO, when stronger westerlies result in warmer, wetter conditions. The AO is highly 29 correlated with the NAO (Deser, 2000) and thus also influences winter surface air 30 temperature variability (Thompson and Wallace, 2001) . A negative AO is associated with a 31 The EA is the second leading climate mode in the North Atlantic (Barnston, 1986) . The 3 structure of the anomalous pressure patterns are very similar in the EA as in the NAO, 4 except that the anomaly centres are displaced south-eastwards. By altering the location and 5 strength of the Atlantic pressure centres, the EA influences the location of the warm, moist 6 jet over Europe and thus UK temperatures (Moore and Renfrew, 2012) . 7
While the ENSO-NAO teleconnection has been rigorously investigated, the ENSO state 8 provides only marginal predictive skill for European winter climate. Ineson and Scaife 9 (2009) found that during El Niño, a quasi-stationary wave formed by the anomalously 10 deeper Aleutian low can propagate into the stratosphere. This increases the probability of 11 sudden stratospheric warmings, which in turn cause downward-propagating pressure 12
anomalies that at the surface result in a negative NAO/AO pattern. Brönnimann (2007) 13 also found that El Niño (La Niña) favours the negative (positive) NAO. However, this is 14 not a straightforward, consistent relationship due to the large inter-event variability in 15 ENSO strength, position and teleconnections. Its influence on winter-mean conditions is 16 particularly difficult to clarify due to the potential reversal of the ENSO-driven sea-level 17 pressure anomalies in the North Atlantic between early and late winter (Moron and 18 Gouirand, 2003) . 19 Other patterns of pressure anomalies can lead to extremely cold winters in the UK, such as 20 blocking anti-cyclones. These conditions enhance extreme cold winters further through 21 reducing cloud cover, allowing strong nocturnal cooling. 22
Anomalous sea surface temperatures (SST) in the North Atlantic have been found to 23 modify the intensity and phase of the NAO due to local changes in surface evaporation, 24 precipitation and heating (Rodwell et al., 1999) . In fact, Maidens et al. (2013) found that 25 the main mechanism responsible for the extremely cold winter of 2010 was anomalous 26 ocean heat content and associated anomalous North Atlantic SST. Autumn Siberian snow 27 cover (Cohen and Jones, 2011) and Arctic sea ice (Yang and Christensen, 2012) The most extreme cold winters in the UK during the 20CR period were identified by 13 computing the detrended monthly and seasonal CET anomalies for December, January and 14 Feburary (DJF) against the long-term mean. The detrended anomalies were then ranked 15 from the most negative. No winter had high ranking (within the top ten) negative 16 anomalies in all three months. We selected the seven winters with the largest negative 17 DJF-mean detrended anomalies (hereafter "extreme winters"; Table 1 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 values for these winters are given in Table 1 . 25 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Atlantic jet and cold and dry conditions in the UK. This relationship between negative 2 NAO and cold UK winters has been widely accepted (Hurrell et al., 2003) . The similarity 3 in the MSLP patterns supports the hypothesis that while many factors may cause extreme 4 winters, the effect of those factors is almost always communicated through a negative 5
Mean Sea Level Pressure

NAO. 6
A contingency table for DJF means of the observed NAO and CET indices demonstrates 7 this relationship further (Table 2 ). These were constructed by sorting each index from low 8 to high, dividing the resulting array into six equal sections, then assigning each DJF to a 9 CET and NAO division. In each cell (i,j), we show the number of winters observed (O i,j ), 10 as well as the number that would be expected (E i,j ) if the CET and NAO were unrelated, 11
given by 12 13 where c is the number of columns (6), r is the number of rows (6) 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Explaining these weaker correlations is outside the scope of this short study, but is clearly 6 worth further research. The 20CR NAO also shows significant 21-year windowed 7 correlations with the SWI (Figure 5b ), suggesting that stronger south-westerly winds are 8 found during the positive NAO. This agrees with the observed enhanced meridional 9 pressure gradient across the North Atlantic that creates a stronger south-westerly jet. The 10 CET-NAO correlation is more stable over time than for CET-SWI. A contingency table  11 further demonstrates the overall strong relationship between the 20CR ensemble-member 12 SWI and the CET ( investigation would be necessary to determine a physical mechanism. 22
Specific Humidity 23
Specific humidity anomalies found drier conditions surrounding the UK at 850hPa for all 24 extreme winters (not shown). These can be linked to the absence of south westerly winds 25 as well as the anomalous easterlies that bring dry continental air to the UK. Anomalously 26 moist conditions were seen in the Mediterranean, which can be explained by the 27 anomalously displaced southerly jet bringing moisture from the Atlantic. 28 This project examined common large-scale atmospheric circulation patterns during the 3 seven most extremely cold UK winters in 1871-2010 using the 20CR. Prior to the 4 introduction of the 20CR, it was not possible to analyse most of these winters because 5 "traditional" reanalysis datasets rely on upper-air data and so extend to only the mid-6 twentieth century. 7
No single large-scale Northern Hemisphere atmospheric circulation pattern was associated 8 with all seven extreme winters. The weakening of the climatological south-westerly winds 9 over the UK, and in some cases the appearance of mean easterlies or north-easterlies, was 10 found to be the dominant factor, but the change in the wind patterns had several causes. In 11 all winters except 1890, the circulation resembled a negative NAO with varying degrees of 12 contribution from the EA pattern. In 1890 however, a strong blocking anti-cyclone over 13 the UK produced a similar effect on the wind patterns. To begin to understand and predict 14 such extreme winters it is important to analyse the predictability of the direction and 15 strength of the winds immediately upstream of the UK, as well as the predictability of the 16 MSLP patterns that drive those wind patterns. 17
The analysis of the extreme winters, along with the NAO/CET contingency table (Table 2) , 18 supports the idea that most cold winters occur during negative NAO phases (Scaife et al, . 19 2008). Not all extremely negative NAO conditions led to extremely cold winters, however; 20 Table 2 also showed that some milder winters occurred during highly negative NAO 21 phases. There are similar outliers in the SWI/CET contingency table (Table 3) found by Moron and Gouirand (2003) . 7
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